The ability of reverse transcriptase to make template switches during DNA synthesis is implicit in models of retrovirus genome replication, as well as in recombination and oncogene transduction. In order to understand such switching, we used in vitro reactions with purified nucleic acids and enzymes. The assay system involved the use of an end-labeled DNA primer so as to allow the quantitation of elongation on a donor template relative to the amount of elongation achieved by template switching (by means of sequence homology) when an acceptor template RNA was added. We examined several variables that affected the efficiency of the reaction: (i) the reaction time, (ii) the relative amounts of acceptor and donor template, (iii) the extent of sequence overlap between the donor and acceptor templates, and (iv) the presence or absence of RNase H activity associated with the reverse transcriptase. The basic reaction, with RNA templates and normal reverse transcriptase, yielded as much as 83% template switching. In the absence of RNase H, switching still occurred but the efficiency was lowered. Also, when the donor template was changed from RNA to DNA, there was still switching; not surprisingly, this was largely unaffected by the presence or absence of RNase H. Finally, we examined the action of the RNase H on RNA templates after primary transcription but prior to template switching. We found that in most cases, both ends of the original RNA template were able to maintain an association with the DNA product. This result was consistent with the work of others who have shown that RNase H acts as an endonuclease.
In the life cycle of a retrovirus, the RNA genome is reverse transcribed initially into a minus-strand DNA, which in turn acts as a template for the synthesis of a plus-strand DNA (18) . The syntheses of each of these DNA strands are similar in that they are initiated from a unique location on a specific RNA primer molecule. Also, both syntheses soon reach the end of their templates and come to what is called a strong stop. According to the model, there then occurs a base-pairing interaction between the 3' end of the strongstop DNA and a complementary RNA sequence. Such an interaction effectively allows template switching and, thus, extension of the strong-stop species by DNA synthesis at a second location. The RNase H activity that is normally part of the reverse transcriptase molecule does play a part in this template switching; it is thought to degrade the relevant RNA in the original hybrid with the strong-stop species, thereby freeing that DNA so that it may make the necessary base-pairing reaction with the second template site.
There are additional situations in which a related form of template switching is considered relevant to retrovirus replication.
The second is in the copy choice model of recombination proposed by Coffin (1; J. M. Coffin, Appl. Virol. Res., in press). The copy choice model is an extrapolation from the above-mentioned template switches that occur for minusand plus-strand DNA synthesis. It proposes that singlestranded nicks in the retrovirus genome would create new strong-stop species of minus-strand DNA during reverse transcription; these species could then participate in template switching to the homologous site on a second copy of viral RNA, especially since the viral particles are thought to contain a pair of viral RNAs held in a so-called dimer linkage structure. By such template switching during reverse transcription, a single full-length minus-strand DNA per virion * Corresponding author. could be produced even if both of the RNAs contained many single-strand nicks. Also, if the two RNAs were different, then efficient recombination would be observed. Hu and Temin (6) have recently established this requirement for such a heterodimeric RNA, so as to allow high-frequency retrovirus recombination. Also, studies by Goodrich and Duesberg (4) support the model of Coffin. The data do not address a quite different model of recombination, referred to as displacement-assimilation, proposed by Junghans et al.
(7).
There is a third proposal invoking template switching during reverse transcription. Swanstrom et al. (17) have proposed a model to explain the ability of retroviruses to transduce cellular proto-oncogene sequences. This model invokes template switching between cellular and viral RNA sequences during reverse transcription.
In order to get a better understanding of template switching and how it works, we set up a model in vitro system with purified templates and enzymes, in which the switching could be quantitated and characterized. Our findings have significantly improved our understanding of the phenomenon along with the mechanism of action of the RNase H. Gel analysis. Denaturing and nondenaturing gels of 6% polyacrylamide were run as described by Sambrook et al. (14) . After electrophoresis, gels were dried onto DEAE paper (DE-81; Whatman, Inc.) and then subjected to autoradiography in the presence of one intensifying screen. Alternatively, in order to get precise quantitation, the dried gel was analyzed in two dimensions with an AMBIS radioanalytic imaging system.
MATERIALS AND METHODS

RESULTS
In order to study template switching, we set up the in vitro assay system, as summarized in Fig. 1A . DNA Fig. 1B gives an example of how the PP was resolved from SP and PR by using electrophoresis into an acrylamide gel. This gel was dried and subjected to autoradiography, as shown, or subjected to direct quantitation in two dimensions by using an AMBIS radioanalytic imaging system. For Fig. 1 , lane 3, we thus deduced that 83% of the DNA products made use of template switching. The reverse transcriptase used in this example was synthesized in bacteria from a molecular clone of the reverse transcriptase of MLV (3) . Figure 2 summarizes some of our results concerning three variables that affect the efficiency of template switching. In these studies, the donor and acceptor templates were composed of RNA. Figure 2A shows the time course. The bulk of the achievable switching occurred within 1.5 h at 37°C, under the chosen reaction conditions. The extent of switching was dependent on the molar excess of acceptor template relative to donor template (Fig. 2B ). The reaction was 57% efficient even when the amount of acceptor RNA was approximately equimolar with the amount of donor template. In these two series of experiments, the amount of template switching was controlled by either the reaction time or the amount of acceptor template. One interpretation is that the rate-limiting factor for switching was the probability of the elongated primary product to make an essential interaction with the acceptor template. Figure 2C summarizes the results of examining a third variable, the extent of overlap between the donor and acceptor templates. With 100 b of overlap, there was a significant amount of template switching. And as the amount of overlap was decreased to 40 and 20 b, there was a decrease in the amount of switching. With no more than 10 b of overlap, there was no detectable switching. These data are also consistent with the above-mentioned interpretation of the rate-limiting step and indicate that the probability of the essential interaction between primary product and acceptor template is in turn dependent on the length of complementary sequence, that is, the amount of overlap between the two templates.
In the above studies, we made use of a bacterially expressed MLV reverse transcriptase, which also contains RNase H activity. In order to test the role of this RNase H activity, we made use of another recombinant enzyme. This protein lacked the carboxy terminus of the protein that contains the RNase H domain (8) . As summarized in Table  1 , we tested whether this enzyme could allow template switching compared with the normal reverse transcriptase. When the templates were both RNA, we observed 3% switching, indicating that the RNase H-deficient enzyme was also inefficient in switching. The measure of relative efficiency (3%) was probably an upper limit, because the switching activity of the normal enzyme was probably saturated (Fig. 2B) .
Although Fig. 1B and 4 ; quantitation was with the AMBIS machine.
an acrylamide gel for any cleavage. The normal enzyme caused cleavage (Fig. 3, lane 2) , while no detectable cleavage was observed with the deficient enzyme (lane 3).
In order to test further whether template switching was dependent on RNase H activity or not, we modified the basic assay so that the donor RNA template was replaced by DNA. Examples shown in Fig. 4 Fig. 1. donor template, even in the absence of the acceptor template. This was done by analysis of the products by using electrophoresis into nondenaturing polyacrylamide gels. As a positive control, an aliquot of each product was heat denatured prior to electrophoresis. Figure 5 shows the results obtained when the products were synthesized with the end-labeled primer (PR) and an RNA as the donor template. Figure 5, From our studies with RNA donor templates (Fig. 5 ), we could not deduce which part(s) of the transcribed RNA was removed by the RNase H. Figure 6A diagrams five theoretical possibilities. The results shown in Fig. 5 had already eliminated the first possibility (no RNase H action) and the fifth possibility (complete RNase H action and release of free product). (The amount of free product was actually 7%, and we are attempting here to explain the remaining 93%.)
There is a dogma, arising from early studies of retroviral minus-strand strong-stop DNA (18) , that RNA digestion proceeds from the 3' end of the template in a 3'-to-5' direction. This is diagrammed in Fig. 6A as the third possibility. In contrast, more recent studies (13) indicate that the RNase H domain may act endonucleolytically and at a distance of 7 to 14 b behind the polymerization site. This could lead to the second or fourth possibility. In order to distinguish further between the various possibilities, we carried out the following experiments.
In the first experiments, we asked whether the labeled 5' end of the nondenatured DNA product was base paired with a residual fragment of template RNA, as in possibilities three and four. To test this, we examined accessibility of the labeled 5'-terminal phosphate in the product to digestion with calf intestinal phosphatase (CIP). Our rationale, based on the experience of others (14) , was that base pairing of this region with residual RNA template would confer resistance to CIP. The products were in fact much more resistant (48%) than free DNA (6%) (Fig. 6B) . However, the resistance of the product was nevertheless not as much as that of the product synthesized in the absence of RNase H (93%). (Note that all the CIP treatments [ Fig. 6, lanes 2, 3, 5 , and 6] successfully removed the 5' label from the primer, PR.) Two models could be advanced to explain the intermediate level of resistance. One model is that the products are heterogeneous, with some DNAs being free, and thus CIP-sensitive, and with others still in association with the RNA template. The other model is that the products are homogeneous, but that during the CIP digestion, some of products were digested. This latter model is supported by the largely homogeneous electrophoretic migration of the nondenatured product (Fig. 5, lane 1) .
A second series of experiments was then carried out to distinguish between possibilities three and four. For these, the label was not in the DNA primer but at the 5' end of the RNA template. As in the nondenaturing gel shown in Fig.  6C , we observed the production of a labeled product complex (lane 1). This result appeared to exclude possibility three and favor possibility four. (A limitation of this experiment was that it did not exclude the possibility that some other complexes existed that were no longer associated with labeled RNA). If this interpretation were to be correct, we reasoned that it should be possible to locate the residual end-labeled RNA fragments on a denaturing gel. As shown in Fig. 6D , lane 1, this was confirmed. The fragments were predominantly of a single size. This species was 10-fold more abundant than any other. It was shown to be 17 nucleotides by using adjacent ladders of the untreated RNA after partial hydrolysis with alkali (Fig. 6D, lane OH) , and partial digestion with the ribonuclease of Phyllobacterium myrsinacearum that is specific for the 3' side of uridines and adenosines (Fig. 6D , lane PhyM). Actually, minor amounts of digestion occurred on some molecules at sites 1 and 2 b on either side of this site, as well as between nucleotides 9 and 10. As expected, none of these species were detected for products generated with the reverse transcriptase that lacked RNase H activity (Fig. 6D, lanes 2) .
Our interpretation of these results was that some of the labeled RNA that was used as template for reverse transcriptase was cut by the associated RNase H between Fig. 1A and with base pairing indicated by vertical lines. (B) Denaturing gel analysis of the sensitivity of the end-labeled products to digestion with CIP. Products were generated (i) with normal reverse transcriptase (lanes 1 through 3) or (ii) with the RNase H-deficient enzyme (lanes 3 through 6). Identical portions were examined directly (lanes 1 and 4), after CIP treatment (lanes 2 and 5), or after heat denaturation and CIP treatment (lanes 3 and 6). (C) Nondenaturing gel analysis of template-product associations, as in Fig. 1B 
